Introduction {#S0001}
============

Hepatocellular carcinoma (HCC) is the third leading cause of cancer-related death worldwide, and is responsible for a largest number of deaths (782 000 deaths, 8.2% of the total in 2018) according to the 2018 investigation of International Agency for Research on Cancer (IARC).[@CIT0001] Although surgical excision has made great progress, the prognosis of HCC patients remains poor. Approximately 70% of HCC patients suffer from metastasis and recurrence within 5 years after surgery in the residual liver after curative resection.[@CIT0002]--[@CIT0007] But the mechanism of metastasis and recurrence of HCC was still unclear, which was the main cause for short-term survival and high fatality of HCC. Therefore, it is urgent to screen highly sensitive and specific biomarkers for the prediction of HCC prognosis and to in-depth investigate the metastasis/recurrence mechanisms.

Portal vein tumor thrombosis (PVTT) was an important prognostic factor and predictor for HCC metastasis and recurrence, which was a special type of HCC metastasis and caused by the invasion of HCC cells into the portal vein.[@CIT0008] Early formation of PVTT was a key characteristic of HCC metastasis, but the aetiology of PVTT in HCC metastasis was largely unknown, so far. The clear explanation of PVTT formation under HCC metastasis was necessary to investigate the metastasis mechanisms. Up to now, there have been only two reports on the PVTT associated proteomics. One was performed on 20 pairs of HCC tissues with PVTT and without PVTT, and PDIA6 and ApoA-I were identified to be closely related to vascular invasion feature of HCC through two-dimensional polyacrylamide gel electrophoresis combined with matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS).[@CIT0009] The other also utilized two-dimensional electrophoresis and tandem MS to compare and identify differentially expressed proteins between a type of distinct PVTT (dPVTT) and parenchyma tumor (PT) tissues, and C-kit was identified to be useful as a potential marker to distinguish dPVTT from PT.[@CIT0010] Phosphorylation is one of the major types of PTMs in eukaryotic species. Phosphorylation or dephosphorylation usually activates many different signal pathways, which are always associated with various diseases, including cancers.[@CIT0011],[@CIT0012] The development of proteomics has promoted us to detect the dynamic change of the whole phosphorylation in cancer samples easily.[@CIT0013]--[@CIT0015] Based on various phosphopeptides enrichment technologies, aberrant kinase signaling pathways and phosphorylation sites (p-sites) can be identified by quantitative phosphoproteomics in HCC samples, which make us better understanding of the mechanisms of HCC progression. But the phosphoproteomics of HCC with PVTT has not been reported, which plays a critical role in HCC metastasis.

In this study, we aimed to screen highly sensitive and specific biomarkers for the prediction of HCC prognosis and investigate the molecular signatures of the HCC with PVTT, by quantitatively comparing the overall phosphoproteome of the primary HCC tissues, surrounding non-cancerous tissues and PVTT tissues using iTRAQ coupling with liquid chromatography-tandem mass spectrometry (LC-MS/MS). The results would help us better understanding of the mechanisms of PVTT, which was essential to HCC metastasis and recurrence.

Materials and Methods {#S0002}
=====================

Sample Collection {#S0002-S2001}
-----------------

Tissue samples, including the cancerous, surrounding non-cancerous and portal vein tumor thrombus (PVTT) tissues were obtained from 6 primary HCC patients with portal vein tumor thrombus, respectively. All patients have undergone radical surgery at Mengchao Hepatobiliary Hospital of Fujian Medical University from January 2014 to February 2016. The absence of intrahepatic recurrence/metastasis in the residual liver was monitored by ultrasonography (US), computer tomography (CT) scan and angiography. All of the patients followed the Enrollment Eligibility Criteria: (1) the patient was diagnosed with HCC with portal vein tumor thrombus by post-operative pathological examinations; (2) Pre-operative serum HBs Ag (Hepatitis B surface antigen) positive, but HBs Ab (Hepatitis B surface antibody) negative and HCV (Hepatitis C virus) negative; (3) subject to the standard radical resection\[7\]: no distal metastasis was revealed in both pre and intra-operative examinations; no lesion was found in the rest of the liver during intra-operative ultrasonic scan; no cancer cell was found in the incisal margin at the post-operative pathological examinations; no recurrent/metastatic lesion was found at the ultrasonic and CT scan during the return visit after 2 months of surgery; (4) the elevated pre-operative serum AFP should decline to normal level after 2 months of post-operation; (5) the patient did not undergo any other intervention or therapies before surgery; and (6) The patients were followed every 3--6 months for the next 5 years after the surgery.

The project was approved for using human samples by the Institution Review Board of Mengchao Hepatobiliary Hospital of Fujian Medical University. The written informed consent was obtained from each participant before the operation. The use of clinical specimens is completely compliance to the "Declaration of Helsinki".

Protein Preparation and iTRAQ Labeling {#S0002-S2002}
--------------------------------------

The tissues from patients were divided into 3 groups: cancerous tissues from HCC patients (HCC group, n = 6); surrounding non-cancerous tissues from HCC patients (Pan group, n = 6); and portal vein tumor thrombus tissues from HCC patients (PVTT group, n = 6). The protein preparation and iTRAQ labeling followed our previous reported procedures with modification.[@CIT0016] For each patient, proteins from 3 groups were, respectively, extracted with lysis buffer (9M Urea, 10 mM Tris-HCl (pH 8.0), 75 mM NaCl, 10 mM IAA, 1 mM NaF,1 mM β-glycerophosphate, 1 mM Sodium orthovanadate (Na~3~VO~4~), 1 mM Sodium pyrophosphate, 1 mM sodium dihydrogen phosphate, 1 mM PMSF, 1% phosphatase inhibitor cocktail 2 (Sigma, St. Louis, MO USA), 1% phosphatase inhibitor cocktail 3 (Sigma)), and 1 tablet of EDTA-free protease inhibitor cocktail (Roche, Basel, Switzerland) for every 10 mL lysis buffer. Then, the samples were followed by tissue homogenization on ice and precipitated by ice-cold acetone. After centrifugation at 17,000 g for 10 min at 4°C, the supernatant was collected and the protein concentration of the supernatant was determined by BCA assay (TransGen Biotech, Beijing, China) following the manufacturer's protocol. After that, 100 μg proteins of each group was reduced by 10 mM DTT at 55°C for 30 min and alkylated by 50 mM IAA in the darkness at room temperature for 30 min. And the proteins were digested with trypsin via the FASP protocol with spin ultrafiltration units of molecular weight cut off 10,000 Dalton. Finally, the peptide mixture was further labeled using the iTRAQ reagent kit (AB SCIEX, USA) as follows: 3 groups (HCC group, Pan group and PVTT group) from one patient were labeled with 113, 114 and 115 isobaric tag, respectively; and the peptides from biological repetitions of above 3 groups from another one patient were labeled with 116, 117 and 118, respectively. In total, the iTRAQ 8-plex labeling was independently repeated 3 times, defining as A, B and C. And the mixed samples of 18 groups with equal amount were labeled with 119 in every 8-plex labeling, as an internal standard to balance each 8-plex labeling. The labeled peptides were mixed with equal amount in every 8-plex labeling and desalted with the Sep-Pak Vac C18 cartridges and then dried in a vacuum centrifuge for further usage.

Phosphopeptides Enrichment {#S0002-S2003}
--------------------------

Magnetic Titanium Dioxide Phosphopeptide Enrichment Kit (Thermo Fisher Scientific, Bremen, Germany) was used to enrich the phosphopeptides. Briefly, TiO~2~ magnetic beads were firstly washed by binding buffer three times. Then, the peptide mixtures were incubated with magnetic beads in loading buffer (80% ACN, 2% FA). After that, the magnetic beads were washed in turn by binding buffer and washing buffer. Finally, the phosphopeptides were eluted by elution buffer and dried in a vacuum centrifuge for further usage.

LC-MS/MS Analysis {#S0002-S2004}
-----------------

The LC-MS/MS analysis follows our previously reported protocol with certain modification.[@CIT0017] Briefly, the phosphopeptides were separated by an EASY-nLC1000 system (Thermo Fisher Scientific, Bremen, Germany) and analyzed by a quadrupole-Orbitrap mass spectrometer (Q-Exactive Plus) (Thermo Fisher Scientific, Bremen, Germany) equipped with an online nano-electrospray ion source. Phosphopeptides were loaded onto the trap column (Thermo Scientific Acclaim PepMap C18, 100 μm × 2 cm) with a flow of 10 μL/min, and subsequently separated on the analytical column (Acclaim PepMap C18, 75 μm × 150 cm) with a gradient of 0% to 7% solvent B for 5 min, 7% to 28% solvent B for 105 min, 28% to 80% solvent B for 5 min followed by isocratic conditions at 80% solvent B for 5 min with a flow rate of 300 nL/min at 40°C.

The Q-Exactive Plus mass spectrometer was operated in the data-dependent mode to switch automatically between MS and MS/MS acquisition. The electrospray voltage of 2.1 kV at the inlet of the mass spectrometer was used. Survey full-scan MS spectra (m/z 350--1200) were acquired with a mass resolution of 70 K, followed by 15 sequential high energy collisional dissociation (HCD) MS/MS scans with a resolution of 17.5 K. In all cases, one microscan was recorded using dynamic exclusion of 30 s.

Data Analysis {#S0002-S2005}
-------------

The data analysis procedure was similar to our previous reports with certain adaption.[@CIT0018] Briefly, MS data acquiring were processed using Proteome Discoverer (Thermo Fisher Scientific, Bremen, Germany; version 2.1) against the uniprot human_database (released at 2014-04-10, 20,264 entries). The enzyme specificity of trypsin was set and maximally up to two missed cleavages were allowed. In the search, precursor mass tolerance was 10 parts per million (ppm) and fragment mass tolerance was 0.02 Da. The research also includes variable modifications of oxidation of methionine, phospho modification on S, T, Y (only for phosphoproteomics) and iTRAQ 8-plex labeling of tyrosine and fixed modification of carbamidomethylation of cysteine, iTRAQ modification of peptide N-terminus and lysine residues, were specified as variable modifications. For peptide and protein identification, the cutoff false discovery rates (FDR) were both set at 0.01.

Bioinformatics Analysis {#S0002-S2006}
-----------------------

The significant dysregulation was phosphoproteins or phosphopeptides with fold change \>1.2 or \<0.83 (log~2~ ratio lower than −0.26 or higher than 0.26) and *p* value \<0.05. The Gene Ontology (GO) annotation and characteristic pathway analysis using DAVID Bioinformatics Resources 6.7 ([<https://david.ncifcrf.gov/>]{.ul}). And the online tool Motif-X was utilized to predict the potential model of amino acid sequences in particular positions of ubiquitinated-15-mers (seven amino acids upstream of the ubiquitination site and seven downstream). And the statistical analysis in HCC patients was paired *T*-test for comparison of cancerous and their adjacent tissues, while unpaired *T*-test for different cancerous tissues. The *p*\<0.05 was considered as statistically significant.

Immunoblot and Immunohistochemistry {#S0002-S2007}
-----------------------------------

Immunoblotting was performed as previously described.[@CIT0016] Briefly, HCC tissues were extracted as described above, separated by SDS-PAGE and transferred onto the NC membranes (Millipore, Bradford, MA). Then, the membranes were blocked using TBST buffer containing 5% BSA for 2 h at room temperature, followed by incubation with the primary antibody (anti-4E-BP1, 1/5000 dilution[@CIT0019] and anti-p-4E-BP1, 1/2000 dilution[@CIT0020]) overnight at 4°C. Afterwards, the membranes were incubated with by corresponding secondary antibody for 1 hr at room temperature; after extensive washing with TBST buffer, the blots were revealed using enhanced chemoluminescence reagents and visualized by autoradiography.

Immunohistochemistry was performed on HCC histological section as previously described.[@CIT0021] Briefly, the slides were incubated in 1% hydrogen peroxide for 30 min to block endogenous peroxidase activity, and then, respectively, incubated with the primary antibody (anti-4E-BP1, 1/200 dilution and anti-p-4E-BP1, 1/200 dilution) for 30 min. Afterwards, the slides were washed, treated with the envision FLEX/HRP system for 20 min and revealed with the envision FLEX-DAB chromogen (Dako) and with Mayer's Hematoxylin (Lille's Modification) Histological Staining Regents (Dako) for 3 mins and distilled by water for 5 mins. The results were independently assessed by two pathologists double-blindly. All tissues were manually scored as 0 (negative), 1 (weak), 2 (strong) or 3 (very strong). Each case was considered to below expression if the final score was 0--1, while high expression if the final score was 2--3.

Results {#S0003}
=======

Analysis of Phosphoproteome Profile of HCC with PVTT {#S0003-S2001}
----------------------------------------------------

The schematic overview of the experimental workflow is given in [Figure 1](#F0001){ref-type="fig"}, and the details of the optimized protocol were described in the Materials and Methods section. The proteomics dataset was used to normalize the change of phosphoproteins abundance against the changes in total protein levels, avoiding fluctuations due to variations in protein amount. In detail, the phosphorylation level was normalized against the standard proteomics using the ratio of phosphorylation level and protein level if these proteins were quantified in both phosphoproteomics and proteomics.Figure 1Experimental workflow. Total extracts of HCC tissues, surrounding non-cancerous tissues and their PVTT tissues were trypsin digested and directly labeled with iTRAQ-8plex. Phosphopeptides were then enriched using Magnetic Titanium Dioxide Phosphopeptide Enrichment Kit. The phosphoproteome was then analyzed through LC-MS/MS, and the phosphoprotein expression profile alternations between every two groups were performed. Finally, the candidates were verified in HCC patients by Western-Blot and Immunohistochemistry (IHC).

In this study, all identified phosphopeptides fell into a precursor mass window of ±10 ppm with a mean mass error of only 0.50 ppm ([Figure 2A](#F0002){ref-type="fig"}), which suggested the accuracy of the phosphoproteome results. In total, we identified 1745 phosphoproteins from the HCC tissues, pan-cancerous tissue and their PVTT tissues. And the distribution of molecular weight (MW) and isoelectric point (pI) of the phosphoproteins were consistent with the previous studies, which suggesting that the overall phosphoproteome datasets of the HCC tissues had no strong bias ([Figure 2B](#F0002){ref-type="fig"} and [C](#F0002){ref-type="fig"}). Among these phosphoproteins, there were 2724 phosphopeptides with 4594 phosphorylation sites, and the phosphorylated serine (p-Ser) occupied a large proportion of about 89% of the identified p-sites, while the phosphorylated threonine (p-Thr) and tyrosine (p-Tyr) were relatively less, which demonstrated that the phosphorylation event mainly occurred in serine ([Figure 2D](#F0002){ref-type="fig"}). Furthermore, approximately 64% of phosphorylated peptides owned a single phosphorylation site, and the average number of phosphorylation sites in a peptide was 1.69, which indicated that the results of this study had no biases ([Figure 2E](#F0002){ref-type="fig"}). In addition, the number of the overlapped phosphoproteins among 3 iTRAQ 8-plex labeling replicates was 546, which were focused on for further analysis ([Figure 2F](#F0002){ref-type="fig"}, [[Table S1](https://www.dovepress.com/get_supplementary_file.php?f=230849.xlsx)]{.ul}).Figure 2Quantitative phosphoproteome profiling of HCC with PVTT. (**A**) The precursor mass window of the identified phosphopeptides. (**B**) The distribution of molecular weight of the identified phosphoproteins. (**C**) The distribution of isoelectric point of the identified phosphoproteins. (**D**) Distribution of phosphorylation serine (S), phosphorylation threonine (T) and phosphorylation tyrosine (Y) sites. (**E**) Distribution of phosphopeptides depending on their number of p-sites. (**F**) Venn diagrams showed the overlaps of phosphoproteins identification in 3 repeated experiments.

Dysregulation of Phosphoproteome Associated with PVTT {#S0003-S2002}
-----------------------------------------------------

Among the 546 phosphoproteins overlapped in the 3 iTRAQ 8-plex labeling replicates, we set a threshold of mean fold change \>1.2 or \<0.83 (log~2~ ratio lower than −0.26 or higher than 0.26) with a *p* value less than 0.05 (paired *T*-test) to identify phosphoproteins significantly altered in HCC. According to this stringent criterion, 80 phosphoproteins were dysregulated in PVTT group comparing with Pan group (24 up- and 56 down-regulated), 51 phosphoproteins were dysregulated in HCC group comparing with Pan group (11 up- and 40 down-regulated), and 10 phosphoproteins were dysregulated in PVTT group comparing with HCC group (2 up- and 8 down-regulated) ([Table 1](#T0001){ref-type="table"}, [[Table S2](https://www.dovepress.com/get_supplementary_file.php?f=230849.docx)]{.ul}, [[Table S3](https://www.dovepress.com/get_supplementary_file.php?f=230849.docx)]{.ul}, [[Table S4](https://www.dovepress.com/get_supplementary_file.php?f=230849.docx)]{.ul} and [Figure 3A](#F0003){ref-type="fig"}). These results revealed that the important phosphorylation events were associated with the initiation, development and metastasis of HCC.Table 1The Number of the Dysregulated Phosphoproteins in Every Two GroupsGroupsDiff_NumUp_NumDown_NumPVTT/HCC1028PVTT/Pan802456HCC/Pan511140[^2] Figure 3The alteration analysis and the involved biological process analysis associated with the dysregulated phosphorylation. (**A**) Volcano plot represented the phosphoprotein abundance changes in the HCC/Pan group, PVTT/HCC group and PVTT/Pan group, respectively. (**B**--**D**) The main biological processes associated with the dysregulated phosphorylation in the HCC/Pan group, PVTT/HCC group and PVTT/Pan group, respectively.

To further reveal the importance of such phosphorylation events in HCC, we analyzed such phosphoprotein involved biological processes, molecular functions and cellular component by GO analysis. As shown in [Figure 3B](#F0003){ref-type="fig"}, the top 10 biological processes were enriched in HCC/Pan group according to the phosphoproteins showing up- or down-regulated phosphorylation. The liver is an important detoxifying organ, so it was reasonable that detoxification was top enriched in HCC.[@CIT0022] Multicellular organismal process, Multi-organism process, Cellular component organization/biogenesis and Metabolic process belong to material metabolism, which played an important role in the tumorigenesis and development of HCC. And the dysregulation of immune system process was associated with the initiation of HCC, which all might be the cause of hepatocarcinogenesis. And the molecular functions and cellular component of these dysregulated phosphoproteins were extensive and reasonable, which suggested the function of these depends on their molecular type and localization in the cell or organism. All of these revealed that the dysregulated phosphoproteins in HCC/Pan were associated with the occurrence and development of HCC.

In PVTT/HCC, the top 10 biological processes were enriched according to the phosphoproteins showing up- or down-regulated phosphorylation. Immune system process, cell proliferation and biological adhesion were actively associated with tumor invasion or metastasis, which might cause HCC invasion or metastasis.[@CIT0023]--[@CIT0026] And the dysregulation of material metabolism was essential to HCC invasion or metastasis. And the molecular function and the cellular component of these phosphoproteins ensured the smooth completion of a series of biological processes related to invasion or metastasis ([Figure 3C](#F0003){ref-type="fig"}). The above results illustrated that the dysregulated phosphoproteins in PVTT/HCC were associated with the invasion and metastasis of HCC.

As a matter of course, the biological processes enriched in PVTT/Pan included not only the biological processes related to HCC occurrence and development, but also the biological processes related to HCC invasion and metastasis, which was consistent with previous reports and theoretical basis. Similarly, the molecular function and the cellular component of these phosphoproteins mainly enriched in Extracellular region, Membrane and Cell junction were also contributed to the occurrence and development, as well as invasion and metastasis of HCC ([Figure 3D](#F0003){ref-type="fig"}). These results suggested that the phosphoproteins involved in PVTT/Pan not only related to HCC occurrence and development, but also related to HCC invasion and metastasis.

The Key Signaling Pathway Associated to PVTT {#S0003-S2003}
--------------------------------------------

To further reveal the possible phosphorylation events of HCC with PVTT, KEGG annotation was applied to analyze the signaling pathways that dysregulated phosphoproteins were involved in the analyzed samples. The analysis of KEGG annotations demonstrated that the top two enriched pathway of dysregulated phosphoproteins in HCC/Pan was PI3K-Akt signaling pathway and AMPK signaling pathway ([Figure 4A](#F0004){ref-type="fig"}). It has been reported that the PI3K/AKT signaling pathway was activated in HCC,[@CIT0027],[@CIT0028] which played an essential role in the development of HCC by enhancing tumor cell proliferation, differentiation and apoptosis.[@CIT0029],[@CIT0030] AMPK, a AMP‐activated serine/threonine protein kinase (AMPK), was well known for its controlling energy metabolism, which played an important role in the tumorigenesis and development of HCC. And the activation of AMPK may oppose HCC progression, decreased AMPK activity was associated with poor prognosis and aggressive clinicopathologic features.[@CIT0031],[@CIT0032] In this study, the overall decreased phosphorylation of AMPK signaling pathway might regulate the occurrence and development of HCC.Figure 4The key signaling pathways and motifs involved in the dysregulated phosphoproteins. (**A**--**C**) The key signaling pathways enriched by KEGG annotation in the HCC/Pan group, PVTT/HCC group and PVTT/Pan group, respectively. (**D, E**) The sequence motif analysis of p-sites in the phosphoproteome consisting of 14 residues surrounding the targeted site by Motif-X; and the heatmap for the distribution of amino acids flanking p-sites in the phosphoproteome in the HCC/Pan group and PVTT/Pan group, respectively.

In PVTT/HCC, the enriched signaling pathway focused on Hippo signaling pathway and Rap1 signaling pathway ([Figure 4B](#F0004){ref-type="fig"}). Hippo signaling pathway plays an essential role in organ size control and tumor suppression,[@CIT0033] and it has been reported that misregulation of Hippo signaling pathway was involved in different types of cancers, including HCC.[@CIT0034] The down-regulation of the protein phosphorylation in HCC tissues suggested that the phosphorylation events might affect HCC invasion and metastasis through Hippo signaling pathway. And Rap1 signaling pathway was known for its important roles in the regulation of tumor cell migration, invasion, and metastasis.[@CIT0035],[@CIT0036] Rap1 signaling contributes to cell migration, invasion and even HCC metastasis through regulating cell adhesion, integrins and cadherins,[@CIT0037] modulating expression of matrix metalloproteinases (MMPs),[@CIT0038] controlling Rho GTPase-mediated regulation of cytoskeletal dynamics[@CIT0039],[@CIT0040] and also controlling cell proliferation.[@CIT0041]

In PVTT/Pan, AMPK signaling pathway, FoxO signaling pathway, cGMP-PKG signaling pathway, MAPK signaling pathway, PI3K-Akt signaling pathway were mainly enriched ([Figure 4C](#F0004){ref-type="fig"}). Based on the above analysis, we knew that AMPK signaling pathway and PI3K-Akt signaling pathway both played an important role in the occurrence and development of HCC. The forkhead box O (FoxO) transcription factors were the most conserved targets of AKT, and it has been known for its important roles in metabolism regulation, cell cycle and response to stress factors.[@CIT0042] And cGMP-PKG signaling pathway, the inhibition of cyclic guanosine monophosphate phosphodiesterase (cGMPPDE), could increase intracellular cGMP levels to activate cGMP dependent protein kinase (PKG) and lead to the suppression of tumor cell growth and apoptosis.[@CIT0043],[@CIT0044] In addition, it has been reported that MAPK signaling pathway played an essential role in the development and aggressive behavior of tumor by enhancing tumor cell proliferation, differentiation, apoptosis and cell cycle.[@CIT0045],[@CIT0046] All of these signaling pathways demonstrated that the phosphoproteins involved in PVTT/Pan could help explain the occurrence, development and even invasion and metastasis of HCC.

The Structure Features of Phosphorylation Sites (p-Sites) in HCC {#S0003-S2004}
----------------------------------------------------------------

To better research the phosphorylation events in HCC with PVTT, we performed the Motif-x to analysis the structure features of phosphorylation sites (p-sites). In total, 6 serine motifs and 1 threonine motifs were significantly enriched in the HCC phosphoproteome, and the top representative motifs for phosphorylation serine (p-Ser) and phosphorylation threonine (p-Thr) are presented in [Figure 4D](#F0004){ref-type="fig"} and [E](#F0004){ref-type="fig"}. Among these, cyclin-dependent kinase (CDK) kinases, which phosphorylate many p53 sites, have strong preference for the SP motif.[@CIT0047] The motif \[S\]-D-X-E and \[S\]-X-D were acidic motifs, and might be recognized by casein kinase II (CK2).[@CIT0048],[@CIT0049] And motif R-X-X-\[S\] was a phosphorylation site consensus sequence specifically recognized by Ca2+/calmodulin-dependent protein kinases (CaMKs).[@CIT0050] HCC was characterized by high levels of CDKs activity, and CDK kinases play a role in regulating the cell cycle.[@CIT0051],[@CIT0052] CK2 is a ubiquitously expressed serine/threonine-kinase, which catalyzes phosphorylation of proteins involved in cell cycle regulation, cellular survival and differentiation.[@CIT0053] CaMKII is a ubiquitous mediator of Ca^2+^-linked signaling that phosphorylates a wide range of substrates to coordinate and regulate Ca2^2+^-mediated alterations in cellular function.[@CIT0054] These results indicated that these kinases might play crucial roles in HCC, and the kinase-inhibitors play a role in anti-tumor activity and patient survival.

Moreover, to further analyze the relative abundances of the specific amino acids surrounding the modified site, HemI was used to visualize the heatmap for the items of PSP (7, 7) with a length of 15 amino acid residues around the p-site (seven upstream and seven downstream residues) ([Figure 4D](#F0004){ref-type="fig"} and [E](#F0004){ref-type="fig"}). It was obvious that the P at the +1 position was the amino acid with the highest frequency, and the R at the −3 position was also significantly enriched. And all of these heatmaps were well consistent with the motif analyses above.

Verification of Phosphopeptide Abundance {#S0003-S2005}
----------------------------------------

In this study, the phosphorylation of 4E-BP1 was elevated in HCC tissues and PVTT tissues comparing with surrounding non-cancerous tissues. It has been reported that the phosphorylation of 4E-BP1 could promote tumor angiogenesis and growth, and many phosphorylation sites on the 4E-BP1 protein have higher phosphorylation levels in cancer cells than that in adjacent tissues, which was well consistent with our experimental data. But how Thr46 phosphorylation of 4E-BP1 regulates its function was not clear. In our phosphoproteomic results, the phosphorylation of 4E-BP1 is upregulated 2.2-fold and 1.63-fold in the HCC group and PVTT group compared with Pan group. Therefore, significant upregulation of phosphorylated 4E-BP1 might increase the recurrence and metastasis during the progression of HCC pathology. The relative intensities of the reporter ion of 8-plex iTRAQ reagent of these two phosphopeptides were checked in the MS/MS spectra. As shown in [Figure 5A](#F0005){ref-type="fig"}, the expression levels of 4E-BP1^Thr46^ were significantly increased in the HCC group and PVTT group compared with Pan group (namely, 116\>115\>114 and 119\>118\>117). Therefore, they might be potential interesting biomarkers to predict HCC or PVTT. Here, we further verified the expression profile of these phosphorylated proteins on the tissues of HCC patients.Figure 5Validation of the differentially expressed phosphoproteins and phosphorylation site. (**A**) The relative intensity of reporter ion of the 8-plex iTRAQ reagent regarding 4E-BP1^Thr46^ in MS/MS spectra. (**B**) The level of 4E-BP1^Thr37/Thr46^ validated by Western-Blot are up-regulated in the HCC tissues comparing with surrounding non-cancerous tissues. (**C**) The level of 4E-BP1^Thr37/Thr46^ validated by IHC is up-regulated in the HCC tissues comparing with surrounding non-cancerous tissues. (**D**) The recurrence frequency of 4E-BP1^Thr37/Thr46^ was more positive in patients with early recurrence (recurrence within 1 year) than patients with late recurrence (recurrence after 3 years). (**E**) The IHC score of 4E-BP1^Thr37/Thr46^ was higher in patients with late recurrence (recurrence after 3 years) than patients with early recurrence (recurrence within 1 year). \*p \< 0.05.

To validate the LC-MS/MS results, the protein expression level and phosphorylation level of 4E-BP1 was quantitated by Western-blot analysis using HCC patients' tissues. As [Figure 5B](#F0005){ref-type="fig"} shown, phosphorylation level of 4E-BP1 was elevated in HCC tissue compared with the surrounding non-cancerous tissues, but the change of the protein expression level of 4E-BP1 was no statistical significance. And the further IHC analysis in a cohort of 20 HCC tissues also confirmed this conclusion, suggesting that the phosphorylation of 4E-BP1 on Thr46 might be closely related to HCC recurrence and metastasis ([Figure 5C](#F0005){ref-type="fig"}). When the IHC results of these 20 patients were carefully analyzed, we found that the phosphorylation of 4E-BP1 on Thr46 was more positive in patients with early recurrence (recurrence within 1 year) than patients with late recurrence (recurrence after 3 years) ([Figure 5D](#F0005){ref-type="fig"}). And even, the expression of 4E-BP1^Thr46^ was significantly higher in patients with late recurrence (recurrence after 3 years) than that in early recurrence (recurrence within 1 year) ([Figure 5E](#F0005){ref-type="fig"}). Therefore, the high phosphorylation level of 4E-BP1 on Thr46 might serve as a biomarker for the diagnosis of early recurrence of HCC.

Discussion {#S0004}
==========

In order to study the phosphorylation events of PVTT in HCC, we compared the phosphorylation levels of HCC tissues, surrounding non-cancerous tissues and their PVTT tissues through a large-scale comparative phosphoproteomics approach. This was the first time for the large-scale exploration that focuses on the protein phosphorylation of PVTT in HCC.

Eukaryotic translation initiation factor 4E-binding protein 1 (4E-BP1) is a member of the translation inhibitor family, and also a substrate of the target of rapamycin signaling pathway. The translation initiation of eukaryotic cells is divided into 5ʹ hat-dependent and non-dependent and 5ʹ hats (IRES-mediated). Studies have shown that about 30% of 4E-BP1 was located in the nucleus, and its function was to restrict eIF4E in the nucleus and prevent it from entering the cytoplasm to participate in the formation of translation complex, while the function of 70% of 4E-BP1 located in the cytoplasm was still unknown.[@CIT0055] A recent study showed that 4E-BP1 in the cytoplasm may be involved in eukaryotic cell 5ʹ hat dependence, and the transcriptional orientation does not depend on the transformation process with the 5ʹ hat translation mode, thereby promoting tumor angiogenesis and growth.[@CIT0056]

Since 4E-BP1 is a translational repressor, it should have a low expression level in cancer tissues, and the results in various cancer tissues and surrounding non-cancerous tissues showed that the expression of 4E-BP1 is elevated in cancer tissues.[@CIT0057] Phosphorylation of 4E-BP1 detaches it from the eukaryotic translation initiation factor 4E, and then promote the initiation of protein translation. It is a ubiquitous phenomenon that many phosphorylation sites on the 4E-BP1 protein have higher phosphorylation levels in cancer tissues than in adjacent tissues, which was well consistent with our experimental data.[@CIT0058],[@CIT0059] It has been reported that rapamycin-insensitive phosphorylation event at Thr46 is sufficient to prevent eIF4E: 4E-BP1 binding.[@CIT0019] And it also reported that 4E-BP1 phosphorylation by FRAP/mTOR on Thr-37 and Thr-46 was a priming event for subsequent phosphorylation of the carboxy-terminal serum-sensitive sites.[@CIT0020]

Due to the important role of protein phosphorylation in cancer pathogenesis, phosphorylation site changes in tissues of different cancer types have been extensively and deeply explored. Inhibitors targeting these potential target sites have also been studied as anticancer drugs, and some indeed provide valuable methods for cancer treatment. Although there has been a lot of research in this work, however, the role of phosphorylation of imbalance in HCC mechanism needs more in-depth excavation, and new treatments will largely depend on the interpretation and study of these protein phosphorylation status change. The omics data provided in this paper provide substantial data for further understanding of protein phosphorylation and HCC development mechanisms. Of course, due to the limitations of high-throughput screening based on mass spectrometry, the sample size used in this study is still small, so more detailed data analysis and validation is still needed.

Conclusions {#S0005}
===========

In this study, we have applied the iTRAQ-based quantitative phosphoproteomic approach to investigate the molecular signatures of the HCC with PVTT by quantitatively comparing the overall phosphoproteome of the primary HCC tissues, surrounding non-cancerous tissues and PVTT tissues. The results showed that different protein phosphorylation profiles in primary HCC tissues, surrounding non-cancerous tissues and PVTT tissues might reveal different underlying molecular mechanisms. Furthermore, the phosphorylation of 4E-BP1 was elevated in HCC tissues and PVTT tissues comparing with surrounding non-cancerous tissues, it might be closely related to HCC recurrence and metastasis. Therefore, the high phosphorylation level of 4E-BP1 on Thr46 might serve as a biomarker for the diagnosis of early recurrence of HCC. These results would help us better understanding of the mechanisms of PVTT, which was essential to HCC metastasis and recurrence.
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